CdSe colloidal nanoplatelets are studied by spin-flip Raman scattering in magnetic fields up to 5 T. We find pronounced Raman lines shifted from the excitation laser energy by an electron Zeeman splitting. Their polarization selection rules correspond to those expected for scattering mediated by excitons interacting with resident electrons. Surprisingly, Raman signals shifted by twice the electron Zeeman splitting are also observed. The theoretical analysis and experimental dependencies show that the mechanism responsible for the double flip involves two resident electrons interacting with a photoexcited exciton. Effects related to various orientations of the nanoplatelets in the ensemble and different orientations of the magnetic field are analyzed.
Introduction
Colloidal semiconductor nanocrystals are of interest for various fields of chemistry, physics, biology, and medicine and are successfully used in various optoelectronic devices. Being synthesized from many different semiconductor materials, they can have different geometries, resulting in zero-dimensional quantum dots, one-dimensional nanorods or two-dimensional nanoplatelets (NPLs). CdSe NPLs demonstrated small inhomogeneous broadening, 1 as confirmed later also for NPLs of different composition. [2] [3] [4] Semiconductor NPLs can be considered as model systems to study physics in two-dimensions, similar to quantum well heterostructures and layered materials, like graphene or transition metal dichalcogenides.
The spin physics of colloidal nanocrystals is still in its infancy compared to the rather mature field of spintronics based on epitaxially-grown semiconductor quantum wells and quantum dots. The properties of colloidal and epitaxial nanostructures can differ considerably due to much stronger confinement of charge carriers in colloidal structures leading to different properties such as the strongly enhanced Coulomb interaction (enhanced exciton binding energy and fine structure energy splitting), the possibility of photocharging and surface magnetism, the reduction of the phonon bath influence, etc. Experimental techniques widely used in spin physics of heterostructures can be, however, readily applied to colloidal quantum dots and NPLs. Among them are polarized photoluminescence in magnetic field including time-resolved spin dynamics, 5,6 transient grating spectroscopy, 7 magnetic circular dichroism, 8-10 single dot spectroscopy, 11 and pump-probe time-resolved Faraday rotation. 1, [12] [13] [14] [15] The spin-flip Raman scattering (SFRS) technique is another valuable tool to address the spin structure and measure the g-factors of charge carriers and excitons. It has been used for semiconductors of different dimensionality: bulk, 17, 18 quantum wells [19] [20] [21] and quantum dots. 22, 23 This technique has been also applied to CdS quantum dots in glass matrix 24 and to negatively charged CdSe/CdS colloidal NPLs with thick shells. 1 In SFRS experiments the photon energy of the exciting laser is tuned to the exciton resonance, which serves as an intermediate state for the light scattering. As the experiments are performed in an external magnetic field, the spin-flip of a charge carrier (in most cases it is an electron) or of an exciton is accompanied by its transition between the Zeeman-split sublevels. Accordingly, the Raman scattered light has components shifted from the laser photon energy to the Stokes or anti-Stokes spectral regions by the amount of the Zeeman splitting. The Raman shift corresponding to the Zeeman splitting can be used for evaluation of g-factors. Also, the polarization properties of the Raman signals provide new insights into the responsible flip mechanisms. In low-dimensional structures the SFRS intensity is drastically increased by the presence of resident quantum-confined electrons that interact with photogenerated excitons. [21] [22] [23] In this paper we use the spin-flip Raman scattering technique to study the spin properties of CdSe colloidal nanoplatelets. By measuring ensembles of NPLs having various orientations in the Faraday and Voigt geometries of the external magnetic field and analyzing the polarization properties of the Raman spectra we determine the electron g-factor and its anisotropy. We develop a theory of Raman light scattering mediated by excitons interacting either with one or two resident electrons localized in a NPL. The theory explains well our experimental results and confirms that the unusual double-electron spin-flip found experimentally is provided by NPLs containing more than one resident electron.
Experimental results
In this paper we study three ensembles of CdSe NPLs with thicknesses of 3ML, 4ML and 5ML, their optical properties can be found in Ref. SFRS spectra of the 4ML NPLs are shown in Figure 1 We assign the lines with the Raman shift of 0.5 meV (Voigt geometry, Figure 1(b) ) to the single-electron SFRS and thus label them as 1e. The lines with the twice larger shift of 1 meV are consistently related to the SFRS process involving the spin-flips of two electrons, and are accordingly labeled as 2e. This assignment is confirmed by the linear shifts of these lines with increasing magnetic field, Figure 1 (e). Linear fits by the forms ∆ 1e = g V µ B B and ∆ 2e = 2g V µ B B, where µ B is the Bohr magneton, give g V = 1.74 for the Voigt geometry. Importantly, their extrapolation to zero field reveals a negligible Raman shift offset. It should be noted that SFRS shift can have nonzero offset, which is an evidence of exchange interaction of the involved particles, e.g., the bright-dark exchange splitting of the exciton states. 22 In the Faraday geometry, the similar magnetic field shifts of the 1e and 2e lines are characterized by a smaller g factor g F = 1.59. The width of 1e SFRS line is dependent on the magnetic field direction: δ = 0.06 meV in the Voigt configuration and 0.09 meV in the Faraday configuration, Figure 1 SFRS spectra measured under resonant excitation into the peak of the exciton line at 2.947 eV look, in general, similar to the case of the non-resonant excitation, Figure 2 (a-c).
We observe also here the 1e and 2e lines with the g-factors g V = 1.78 and g F = 1.66 being close to the non-resonant values. However, their polarization properties are less prominent in both the Voigt and Faraday geometries, cf. the data collected in Table 1 . One can also note that under resonant excitation the ratio of intensities of the 2e and 1e lines is smaller compared to the non-resonant case, cf. Figures 1(b) and 2(a). This may be explained by a smaller probability to find doubly-charged NPLs in this case. It is a well-known property of colloidal nanocrystals synthesized by wet chemistry that the doping with donor or acceptor impurities is difficult, while nanocrystals charged by electrons and/or holes can be obtained via photocharging. 15, [27] [28] [29] In this case one of the carriers from the photogenerated electron-hole pair in an initially neutral nanocrystal may be captured by 
surface states whereas the other carrier is left inside the nanocrystal as a long-living resident carrier. For different surface state origins and experimental conditions, the photocharging can last up to one month even at room temperature. 30 Similar photocharging effect was exploited in SFRS experiments on epitaxially-grown CdTe/(Cd,Mg)Te quantum wells 21 and (In,Ga)As/GaAs quantum dots. 22 In these cases, additional illumination with photon energy exceeding the barrier band gap was used, which resulted in spatial separation of the photogenerated carriers between the barrier and the quantum wells/dots where the photocarriers with higher mobility were collected. This kind of illumination provides an enhancement of the 1e SFRS signal measured for resonant excitation, which is explained by an increase of the resident electron concentration.
We applied weak additional illumination (P ill = 1.3 Wcm −2 ) to the 4ML NPLs sample.
The photon energy of 3.061 eV was used together with either non-resonant or resonant excitation mentioned before, Figure 2 (d-f). A pronounced increase of the intensities for the 1e and 2e lines by a factor of about 3 is detected for the resonant excitation. However, the illumination does not affect the SFRS intensity for the non-resonant excitation. This means that non-resonant excitation itself contributes to NPL photocharging which, however, is already saturated for the used excitation densities so that the illumination does not deliver more resident electrons. It also shows that the SFRS technique can be used as sensitive tool for detecting nanocrystal charging as well as the efficiency and dynamics of photocharging.
The SFRS spectra of the 3ML and 5ML NPLs were measured only for resonant excitation at the exciton line peak. The 5ML sample spectrum shows both the 1e and 2e SFRS lines characterized by g-factor values of g V = 1.62 and g F = 1.62 with less strict polarization properties (Supporting Information, Figure S4 ), similar to the resonant excitation of the 4ML sample. The SFRS spectrum of the 3ML sample contains only the 1e line, giving g V = 1.82 and g F = 1.82, and also demonstrates partially violated polarization selection rules for resonant excitation (Supporting Information, Figure S5 ).
In order to compare the properties of NPLs of different thicknesses we plot in Figure 3 Here we plot the data for both geometries and also for non-resonant excitation of the 4ML sample. The electron g-factor shows a noticeable but weak increase with decreasing NPL width, changing from 1.62 in the 5ML sample up to 1.82 in the 3ML NPLs. It is known that in bulk CdSe the electron g-factor is positive, and the same holds for CdSe-based nanocrystals. The electron g-factor values measured in NPLs significantly exceed the value of 0.42 in bulk cubic CdSe 31 due to the strong quantum confinement of electrons which considerably increases the band gap of the NPLs. The size dependence of the electron gfactor was reported for CdSe spherical nanocrystals. 13, 30 In CdSe/CdS NPLs with 4ML CdSe core thickness and about 28ML thick CdS shells from each side the PL maximum at T = 2 K is at 1.954 eV and the electron g-factor measured by SFRS equals to 1.68. 1 In this case the g-factor is contributed both by the confinement effect and by the leakage of the electron wavefunction into the CdS barriers with large electron g factor of g = 1.78. 24, 32 In all NPL samples, the intensity of the SFRS lines is sensitive to temperature and the lines vanish for temperatures exceeding 15 K. The temperature dependence for the 4ML sample is shown in Figure 3 (c). NPL, and g for the effective electron Landé factor
Thus, the Zeeman splitting of the resident electron, gµ B B, depends on the angle Θ B between the magnetic field direction and c.
In the single SFRS Stokes process (Figure 4 
where Γ is the damping rate of the second intermediate state. The matrix element ∆ and replace E exc + gµ B B simply by E exc . Then, after a series of transformations, we obtain the matrix elements of the single and double SFRS processes in the following general, but surprisingly simple form:
Here e 0 and e are the polarization vectors of the absorbed and emitted light, respectively, and Θ is the angle between the direction of the effective magnetic fieldB and c, which in turn is related to the angle Θ B between the magnetic field direction B and c by
The matrix elements (4) and (5) 
with respect to the substrate as shown in Figure 4 For the vertically oriented NPLs (sin θ c = 1) standing on their edge on the substrate, e.g., in stacks, the 1e SFRS is forbidden for any direction of the magnetic field. The reason is that for light propagating along the z direction, i.e., perpendicular to c, the scalar-vector product (e * × e 0 ) · c vanishes. On the other hand, the 2e SFRS can be observed for the vertical NPLs both in the Faraday and the Voigt geometry and is polarization dependent.
The polarization selection rules presented in Table 2 are obtained by averaging the SFRS intensity over the randomly distributed angle ϕ c in the NPL ensemble. The strongest 2e SFRS signal is expected for parallel linear polarizations HH, while in the Faraday geometry it has the same intensity for the co-(σ + σ + ) and cross-(σ + σ − ) circular polarizations.
Let us compare the theoretical predictions from Table 2 with the experimental data of Table 1(a). We notice that the observed 1e and 2e SFRS in the Voigt geometry can originate from horizontally lying NPLs having g V = g ⊥ . Additionally, 2e SFRS in the Voigt geometry can originate from vertical NPLs with the g-factor depending on the angle ϕ c which describes the NPL orientation with respect to the magnetic field direction, Eqs. (1) and (6) .
According to Eq. (1), the effective g factor in the Voigt geometry satisfies the inequalities 0 < g ≤ g V ≤ g ⊥ , where we take into account that in the NPLs, similarly to quantum wells, g < g ⊥ . 34 As the same values of g V are observed in the 1e and 2e SFRS signals, Table 1 , This fact can be understood by analyzing the 1e SFRS signal in the Faraday geometry for tilted NPLs. Table 2 (b) shows theoretical predictions for two cases: NPLs slightly tilted from the horizontal geometry (sin θ c 1) and NPLs slightly tilted from the vertical geometry (sin θ c ≈ 1). As one can see from Table 1 , the experimental value of g F is smaller than g V .
Therefore, we conclude that g F ≈ g and the 1e SFRS in the Faraday geometry arises from NPLs slightly off-plane. In addition, in this geometry the 2e SFRS with g F ≈ g is allowed as well. It is important to note, that even for the titled NPLs the model predicts rather strict rules for the cross linear polarizations in the 1e SFRS using the Faraday geometry.
The SFRS in the Faraday geometry arises thus from the NPLs with slightly varying small angles θ c while the SFRS in the Voigt geometry arises from the horizontal NPLs with θ c = 0.
The θ c angle dispersion in the Faraday geometry explains the larger linewidth δ of the SFRS lines as compared to the Voigt geometry, see Figure 1 (b,c).
A further prediction of the theory is that the 1e and 2e SFRS should have opposite linear polarizations in the Voigt and Faraday geometries: the 1e line is allowed only in HV polarization, whereas the 2e line should be strictly HH polarized for the horizontal NPLs and preferably HH polarized for the vertical NPLs. Also, the 1e SFRS line should be strictly co-polarized for circular polarized light in the Faraday geometry. This is indeed what is observed in the experiment, more strictly for the non-resonant excitation and partly violated for the resonant excitation. Here we use the terms "resonant" and "non-resonant" for the excitation at the peak and high energy tail of the heavy-hole exciton PL spectrum, respectively. The latter excitation regime can involve the virtually excited exciton ground states or the de facto excited higher exciton states and exciton ground states within the fading inhomogeneous distribution of the NPL ensemble. Note that the non-resonant excitation used in the experiment corresponds to the photon energy ω 0 about 50 meV above the PL peak, but still ∼100 meV below the light-hole exciton.
The violation of the HV polarization selection rule observed for the 1e SFRS, especially for resonant excitation in the Faraday geometry (Table 1) (Table 1) . This allows us to select among the above three possibilities the Zeeman splitting of the bright exciton state, see case (i), which vanishes for the horizontal NPLs in the Voigt geometry.
Introducing the numbers N 1 and N 2 of the NPLs with one or two resident electrons we can roughly estimate the ratio of intensities of the 1e and 2e SFRS lines by
where the matrix element ∆ ↑↓ is defined in Eq. (3).
The dependence of the SFRS intensity on temperature shown in Figure 3 (c) can be related to the strong temperature dependence of the damping rate Γ. The increase of Γ with increasing temperature can be caused by activation of the hopping of the resident electrons between localized sites within the NPL (or between the NPLs).
In conclusion, we have identified, both experimentally and theoretically, that the unusual double-electron spin-flip signal is provided by nanoplatelets charged with more than one resident electron. We have also demonstrated that spin-flip Raman scattering is a powerful tool for investigating the spin level structure and spin-dependent phenomena in colloidal nanocrystals. It allows one to measure the electron g-factor and its anisotropy by varying the orientation of the external magnetic field and analyzing the polarization properties of the SFRS signals. The technique has been tested and approved on ensembles of CdSe nanoplatelets of different thickness. The developed theory shows that the most efficient mechanism for electron SFRS involves the interaction of a photogenerated exciton with one or two resident electrons. Therefore, the technique can serve as valuable tool to study charging and photocharging of colloidal nanocrystals. Spin-flip Raman scattering can be also used for studying other types of colloidal nanocrystals, like quantum dots or quantum rods from different materials.
Methods
Samples. The CdSe NPLs were synthesized according to the protocol reported in Ref. 
S1. TEM of CdSe nanoplatelets

S2. Photoluminescence of CdSe nanoplatelets
Photoluminescence (PL) spectra of the 3ML, 4ML and 5ML NPLs are shown in Figure S2 . The spectra of all samples consist of two lines, with the high-energy one (X) attributed to the neutral exciton emission and the low-energy line (T) related to recombination of the negatively charged excitons (trions). This line identification is based on the spectral shifts in emission and absorption, the characteristic recombination dynamics along with its dependence on temperature and magnetic field, and the polarization properties of emission in high magnetic fields. Details can be found in Refs. 1-3. Figure S2 : Photoluminescence spectra of CdSe NPLs of 3ML, 4ML and 5ML thickness measured for excitation with photon energy at 3.061 eV. T = 4.2 K. Lines marked X and T correspond to emission of neutral excitons and negatively charged excitons (trions), respectively. Colored arrows indicate the laser energies used in the SFRS experiments. Figure S3 : SFRS spectra of the 4ML CdSe NPLs measured for non-resonant excitation at 2.541 eV in a magnetic field of B = 5 T applied in Voigt geometry at T = 2 K. One can see in panel (b) that the co-polarized configurations HH and V V are equivalent in our experiment. The same holds for the case of cross-polarizations HV and V H shown in panel (a). Green area shows the laser line. Figure S5 : SFRS spectra of the 3ML CdSe NPLs measured for resonant excitation at 2.807 eV (see blue arrow in Fig. S2 ) in a magnetic field of B = 5 T applied in Voigt (a) and Faraday (b) geometries at T = 2 K. In Voigt geometry the spectra were measured in co-(blue) and cross-(red) linear polarizations. In Faraday geometry the spectra were measured in crossed (red) linear polarizations. Green line is the laser.
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